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The performance of a three-dimensional continuum damage mechanics (CDM) model for 
intralaminar damage, coupled with a cohesive zone model for delamination, is examined for 
damage prediction in cross-ply and quasi-isotropic laminated plates subjected to quasi-static 
transverse indentation. Details of the CDM model based on the deformation gradient 
decomposition (DGD) method and the finite element (FE) modeling strategy are presented 
and discussed. Critical features of the damage model and FE modeling approach are assessed 
by comparing analysis predictions to experimental data for cross-ply and quasi-isotropic 
panels in which damage is dominated by complex interactions between matrix cracks and 
delaminations. 
I. Introduction 
 
The use of composite materials is increasing in high-performance aerospace structures where both stiffness-to-
weight and strength-to-weight considerations are important. The general susceptibility of composite materials to 
transverse impact damage is a particular concern to the aerospace industry because impact-induced subsurface damage 
is either difficult or not possible to detect visually from the exterior surface. Such damage can have a significant effect 
on the compressive performance of a structure. Furthermore, the impact problem of composite structures is complex 
as it involves complicated structural response, localized out-of-plane loading, possible strain-rate effects, and complex 
damage states [1-5]. Typical damage in impacted laminates may include a combination of transverse matrix cracks, 
delaminations, fiber failure, and permanent indentation deformation at the impact site. 
In order to develop damage tolerant design criteria for composite structures, impact testing for material 
characterization is required. In accordance with the building block approach to the design of composite structures, 
information for the design process is gained by gathering an extensive database of progressively more complex 
structural configurations, without having to test a large number of full-scale prototype elements [6,7]. However, the 
results obtained from laboratory-scale tests cannot always be extrapolated to predict the response of large structures 
made from the same material because of potential nonlinear scaling effects. While scaling problems are present in 
many aspects of aircraft design, special consideration is required in the area of foreign object damage (FOD) resistance 
and damage tolerance, where the complex nature of the loading and failure mechanisms impedes the understanding 
of the governing phenomena. In the case of high-velocity impact events, such as hail ice or runway debris impacts, 
where the total contact duration of the impact event is of the same order of magnitude as the flexural waves traveling 
in the specimen, the dynamic response of the target is highly localized and laboratory-scale configurations can be 
employed to simulate the response of larger and more complex structures [4]. In the case of low-velocity impact 
events, such as tool drops, the contact duration of the event is much longer, and the global structural response 
characteristics of the target structure are more significant [5]. 
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Accurate high-fidelity analysis approaches for predicting low-velocity impact damage offer the potential to aid in 
reducing the cost and time associated with developing damage tolerant composite structures. This potential has led to 
a recent emphasis on the development of finite element (FE) progressive damage analysis (PDA) methods. These 
methods focus on predicting the initiation and progression of the damage due to impact on composite structures, with 
particular emphasis on accurately representing the interactions between subcritical matrix cracking and delamination 
damage. Modeling approaches based on the use of both continuum damage mechanics (CDM) and discrete damage 
mechanics (DDM) models for representing the in-plane damage, coupled with cohesive surface elements for 
representing interlaminar damage have been proposed. Significant advances have been made in predictive capability 
where numerical predictions are shown to be in good agreement with experimental results in terms of global response, 
overall impact damage shape, and projected damage area. However, the predictive capability of the methods has been 
thoroughly evaluated in only a few cases [8-14] by detailed comparison, at the ply-by-ply and interface-by-interface 
level, of the predicted and experimentally observed damage. The lack of more detailed comparisons is due primarily 
to the limited amount of high-resolution, three-dimensional (3-D) experimental data available [11,15-17].  
In this paper, analyses using a 3-D CDM model for intralaminar failure, coupled with the native Abaqus cohesive 
elements for interlaminar damage to simulate damage evolution in laminated specimens subjected to quasi-static 
transverse indentation are presented alongside test results. Here, analysis models with fiber-aligned meshes in the 
individual plies were used to ensure matrix crack development parallel to the fiber orientation [18-20]. 
First, static indentation tests, conducted to provide a more controlled development of damage than possible with 
dropped weight impact tests, will be described. Low-velocity impact is considered to be a quasi-static event and static 
indentation tests can provide useful information for interpreting a structure’s response to low-speed impact [21, 22]. 
Additionally, static indentation testing provides the opportunity to interrupt tests to allow for detailed non-destructive 
examination to quantify damage development. Next, analysis predictions were compared with experimental data to 
assess critical features of the damage model and the FE modeling approach. Specifically, the predicted load 
displacement response was compared with the experimental data. Finally, predicted damage at each interface, in terms 
of overall shape and size, was compared with damage observed experimentally through X-ray computed tomography 
(CT) inspection.  
  
II. Test Specimens, Test Apparatus, and Quasi-Static Indentation Tests 
Four flat composite panels were considered in the present study. The test panels are comprised of Hexcel IM7/8552 
unidirectional pre-impregnated carbon/epoxy tape material. The panels are 16-plies-thick with a nominal cured ply 
thickness of 0.0049 inch. Cross-ply laminates with stacking sequences of [04/904]S and [02/902]2S were investigated as 
well quasi-isotropic laminates with stacking sequences of [+452/02/−452/902]S and [+45/0/−45/90]2S. To minimize 
computational requirements, stacking sequences with ply groupings were used to minimize the number of interfaces 
where delaminations might develop.  
The test specimens measure 14 inches square. Each test specimen was clamped in the fixture described in Ref. 
[23] and shown in Figure 1. This fixture has been used in previous investigations, and was designed to minimize 
translations and rotations at the test section boundary. The square fixture has an outside dimension of 14 inches by 14 
inches, and an unsupported central test section of 10 inches by 10 inches. The specimen was placed between the fixture 
base-plate and face-plate and was clamped in position with (24) 5/16-inch-diameter bolts that penetrate the test 
specimen through holes drilled in the specimen. Transverse loading was centrally applied to the test panels by an 
indenter with a 0.5-inch-diameter hemispherical tip. All static indentation tests were conducted with a servo-hydraulic 
testing machine under displacement control at a loading rate of 0.02 inch/minute. A direct current differential 
transducer was placed at the center of the test panel on the bottom surface to measure the transverse deflection. The 
experimental test configuration is shown in Figure 1. 
A set of monotonic loading pathfinder indentation tests was first performed to characterize the global load-
displacement response of the specimens for all four stacking sequences. One panel of each stacking sequence was 
loaded until significant back surface damage was observed. A typical load-displacement response obtained for a 
[+452/02/−452/902]S laminate is shown by the blue line in Fig. 2. Specimens of all layups exhibited similar global 
behavior, characterized by an initial elastic response, followed by load drops or change in slope of the load-
displacement curve as damage developed. From these load-displacement responses, three load levels were identified 
for each layup as interesting with regards to the development of matrix and delamination damage: 
1) Point A: First audible emission, prior to the first load drop or changing of the slope of the load-displacement 
curve. 
2) Point B: After the first load drop or changing of the slope of the load-displacement curve. 
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3) Point C: Prior to the ultimate failure load. 
 Based on the pathfinder test results, an additional series of tests was conducted for each specimen stacking 
sequence in which the maximum load level for each test was chosen to coincide with Points A, B, and C. The measured 
load-displacement response of three [+45/0/−45/90]2S quasi-isotropic specimens loaded to different load levels is 
shown in Figure 2. Repeatability of the tests was demonstrated by overlaying the load-displacement responses of the 
individual tests, as shown in Figure 2, and comparing the loads at first audible emission and at subsequent load drops. 
After the indentation tests, a 4-inch by 6-inch section was cut from the center of each test specimen for ultrasonic 
inspection and X-ray CT inspection. These techniques were applied to provide details of the matrix and delamination 
damage at the different load levels. The voxel size of the X-ray/CT scans was 25 m. 
 
Figure 1. Static indentation test configuration. 
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Figure 2. Load-displacement response of three quasi-isotopic panels ([+45/0/−45/90]2S) loaded to three 
different maximum load levels. 
III. Progressive Damage Analysis 
Progressive damage analyses (PDA) were conducted using Abaqus/Explicit [24] to simulate the response of the 
panels subjected to transverse static indentation loading. A 3-D CDM model and standard Abaqus cohesive zone 
elements were used to represent intralaminar and interlaminar damage, respectively.  
A. Interlaminar Damage 
Delamination damage was accounted for by placing Abaqus COH3D8 cohesive elements [24] at each interlaminar 
interface. The constitutive response of the cohesive elements was defined by a bi-linear traction-separation law. 
Initially, the traction-separation law is elastic, with the traction, ߪ, proportional to the displacement jump, ୡ୭୦, via a 
high penalty stiffness, ܭ. If the displacement jump exceeds a critical value, ௜, damage initiates and the stiffness of 
the cohesive element is degraded. The crack-closing forces were assumed to soften linearly such that the area under 
the traction-separation curve equals the fracture toughness, ܩୡ. Complete separation occurs when the displacement 
jump exceeds, ௙. For single-mode loading, the bi-linear cohesive law was expressed as: 
ߪ ൌ ൜ ܭߜ, ߜ ൏ ߜ௜ሺ1 െ ݀∗ሻܭߜ, ߜ௜ ൏ ߜ ൏ ߜ௙                                                                    (1) 
where the damage variable, ݀∗, is a function of the displacement jump and accounts for the reduction in the load-
carrying ability of the material as a result of damage. The damage variable, ݀∗, has a value of zero when the interface 
is undamaged and a value of one when the interface is fully damaged.  
For crack growth under mixed-mode loading, Abaqus provides options for defining damage initiation and the 
critical energy release rate for damage evolution. In the analyses presented herein, the onset of delamination was 
determined based on the quadratic stress criterion: 
ቄ〈ఙ೥೥〉௒೅ ቅ
ଶ ൅ ቄఛೣ೥ௌ ቅ
ଶ ൅ ቄఛ೤೥ௌ ቅ
ଶ ൌ 1                                                                  (2) 
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where the Macaulay bracket, ൏	൐, indicates that a compressive normal stress, zz, does not contribute to the damage 
initiation, and YT and ܵ are the interlaminar normal and shear strengths, respectively. The two interlaminar shear 
strengths were assumed to be equal. The critical energy release rate for damage evolution was determined by the 
Benzeggagh-Kenane (BK) criterion [25]: 
ܩୡ ൌ ܩ୍ୡ ൅ ሺܩ୍୍ୡ െ ܩ୍ୡሻሺܩୱ୦ୣୟ୰ ܩ୘⁄ ሻఎ                                                          (3) 
where ߟ is the BK material parameter, ܩୱ୦ୣୟ୰ ൌ ܩ୍୍ ൅ ܩ୍୍୍ , ܩ୘ ൌ ܩ୍ ൅ ܩ୍୍ ൅ ܩ୍୍୍ , and ܩ୍ୡ  and ܩ୍୍ୡ  are the fracture 
toughness properties for pure Mode I and Mode II fracture, respectively. 
B. Intralaminar Damage  
 Intralaminar damage in the quasi-static indentation FE models was predicted using CompDam [26], a CDM model 
for fiber-reinforced materials developed at the NASA Langley Research Center in Hampton, VA. CompDam is an 
Abaqus/Explicit user material (VUMAT) subroutine. A key feature of CompDam is the ability to accurately represent 
matrix crack kinematics in geometrically nonlinear FE analyses. The kinematics of matrix cracks in CompDam are 
defined according to the deformation gradient decomposition (DGD) method of Leone [26,27]. 
 Within the DGD method, the local material continuum is assumed to contain a cohesive matrix crack. The total 
local deformation, as described by the deformation gradient tensor, is decomposed into a reduced deformation gradient 
tensor for the bulk material and a cohesive displacement jump for the matrix crack. The distribution of displacement 
between the bulk material and matrix crack is determined by enforcing equilibrium on the matrix crack faces. After 
local equilibrium is satisfied, the matrix crack cohesive law is evaluated for damage progression following 
conventional cohesive law equations, similar to those defined in the previous section. By treating the embedded 
cohesive crack as a surface within the local continuum, the orientation of the matrix crack is accurately tracked even 
for large local shear deformations, such as when a crack is fully matured and widely open. 
 Matrix cracks can be inserted into the continuum with crack normals with any orientation in the local 2-3 plane. If 
a matrix crack orientation is not specified a priori, CompDam evaluates the cohesive crack initiation criterion for 
several possible matrix crack orientations. Once the initiation criterion is satisfied, the crack orientation is saved and 
the cohesive crack evolution proceeds. The cohesive crack initiation criterion in CompDam is based on the LaRC04 
[28] failure criteria, taking into account the effective strengthening of the matrix material when compressive normal 
stresses are acting on the crack. In addition, after a cohesive matrix crack initiates, friction loads are modeled on the 
damaged portion of the cohesive crack. 
 The CompDam material model includes many additional features, including in-plane shear plasticity, fiber tensile 
damage, and fiber compressive fracture. However, because the quasi-static indentation problems being evaluated were 
dominated by interlaminar delaminations, intralaminar matrix damage, and their interactions, it was decided to only 
activate the CompDam features related to the insertion and evolution of intralaminar matrix damage for the presented 
analyses. 
C. FE Models 
Several FE models were developed to establish modeling requirements for properly representing the test boundary 
conditions, the global panel response, and for accurately predicting the development and progression of damage. In 
all analysis models, the fixture base-plate and face-plate were not explicitly modeled, but were represented by 
boundary conditions described in this section. The indenter was modeled as a rigid body associated with a reference 
point with mass. Contact between the between the impactor and the impacted surface of the specimen was modeled 
by a node to surface contact pair definition [24]. 
First, a baseline shell-element model, employing reduced integration S4R shell elements, was developed to identify 
the boundary conditions required for the analysis predictions to match the initial global stiffness of the experimental 
test specimens. From the baseline model, the following boundary conditions were established: the out-of-plane 
displacement of nodes (in the z-direction) under the supporting fixtures were fixed (ݓ ൌ 0), and nodes at the fastened 
bolt locations were fully clamped (ݑ, ݒ, ݓ ൌ 0).  
A simple, combined shell- and solid-element model was then developed utilizing the shell-to-solid coupling 
constraints available in Abaqus. This model has two mesh regions: a global shell-element region and a local solid-
element region. In the global shell-element region, which extends from the specimen boundaries to a square region 
centered under the indenter, reduced-integration S4R shell elements are used to represent the global displacement 
response of a test specimen. In the local solid-element region, reduced-integration C3D8R solid elements with 
enhanced hourglass control [24] were used. A mesh convergence study was conducted on a simple shell- and solid-
element model to determine the size of the solid-element local region and the through-the-thickness discretization 
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required to properly represent the panel in-plane and bending responses. The dimensions of the solid-element local 
region required for a converged solution in terms of global load-displacement response were 4 inches by 4 inches, 
centered under the indenter. A minimum of six C3D8R elements were required through the thickness of the laminate 
to accurately represent the bending response of the panel. The rigid indenter, shell-to-solid coupling, and shell- and 
solid-element model are shown in Figure 3.  
 
 
Figure 3. Rigid body indenter, shell-to-solid coupling, and simple shell-to-solid element model. 
 
Next, a detailed combined shell- and solid-element model was developed for use in simulating coupled 
intralaminar and interlaminar damage progression. X-ray CT images of the panels (see for example Fig. 4) show that 
the damage from the static indentation loading was contained in a central area around the indenter approximately 
1.3 inches square. In the detailed shell- and solid-element model, this 1.3-inch square region was meshed with C3D8R 
solid elements to model the individual plies, and cohesive element layers were used at the interfaces between plies. 
Solid elements were used to properly account for the through-the-thickness stresses, which influence the development 
of the impact damage. Models were built with two elements through the thickness of blocked plies of the same 
orientation. The through-the-thickness discretization used in the 1.3-inch-square section was also used in the 4-inch--
square section. Meshes in the blocked plies were aligned with the fiber orientation to take advantage of matrix cracks 
propagating in the fiber direction [12, 18-20]. Tie constraints connect the individual ply meshes with the cohesive 
elements, and general contact was applied at each interface. Through-the-thickness discretization of the detailed shell-
to-solid element model is shown schematically in Fig. 5. The solid element mesh in the 1.3-inch-square region is 
highly refined, having square elements with an edge length equal to 0.00787 inch. This mesh density has been 
recommended to accurately represent matrix crack kinematics. Intralaminar matrix damage was allowed to occur in 
every fourth row of solid elements, as shown in Fig. 5. This “striped” intralaminar damage approach was adopted to 
better represent the kinematic response of the intact material between matrix cracks. This approach also reduces the 
model solution times by avoiding the expense of computing intralaminar matrix damage in every solid element. 
The primary emphasis of the simulations in this study was to evaluate the ability of the model to predict the 
interactions between matrix cracking and delamination prior to fiber failure. Therefore, fiber damage was turned off 
for all simulations. For computational efficiency, the displacement loading rate was between 0.23 in./sec. and 
0.42 in./sec. in all analyses. A mass density of 1.5 x 10-3 lb/in3 was used throughout the models. Also, variable mass 
scaling option was used with 10-6 desired element stable time [24]. During the simulations, the kinetic energy was 
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monitored to ensure that the kinetic energy did not exceed 5% of the total strain energy to ensure that significant 
dynamic effects were not introduced into the simulations by using relatively short total loading times. 
Interlaminar fracture toughness values and material properties for IM7/8552 graphite-epoxy material were taken 
from Camanho [28] and are provided in Tables 1 and 2, respectively. Fracture toughness values provided in Table 1 
were used for intralaminar matrix cracks as well. 
 
 
 
 
 
Figure 4. X-ray/CT image of the [02/902]2S cross-ply specimen.  
Table 1. IM7/8552 Interlaminar Fracture Toughness (lbf-in/in2) [28] 
ܩ୍ୡ  ܩ୍୍ୡ  
1.571 4.462 
Table 2. IM7/8552 Material Properties [28] 
E11 
(Msi) 
E22 
(Msi) 
G12 
(Msi) 
12 Yt 
(Msi) 
Yc 
(Msi) 
S 
(Msi) 
24.85 1.316 0.765 0.32 0.0090 0.02897 0.0134 
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Figure 5. Through-the-thickness and in-plane discretization of the 1.3-inch square refined region. 
 
IV. Results 
 Experimental and numerical results of the progressive damage analyses of the cross-ply and quasi-isotropic 
specimens subjected to the static transverse indentation loading are presented in this section. First, the predicted global 
response of the panels, in terms of the load versus displacement response, was compared with experimental data. Then, 
predicted intralaminar matrix and interlaminar delamination damage were compared to experimentally observed 
damage, characterized by X-ray/CT examination. Since the two cross-ply and the two quasi-isotropic laminates 
exhibited generally similar damage patterns and sequences of failure events, only the numerical and experimental 
results for the [02/902]2S cross-ply and the [+452/02/−452/902]S quasi-isotropic laminates are presented. All analyses 
were conducted with models having the in-plane mesh-discretization described previously, and two C3D8R solid 
elements through the thickness of each ply block. Discrepancies between the analysis predictions and the experimental 
results are described, and possible explanations for the discrepancies are provided.  
A.  [02/902]2S Cross-ply Specimen Results 
 
The predicted load versus displacement response obtained for the [02/902]2S cross-ply model and experimental 
results from three tests are shown in Fig. 6. Test results show the first load drop occurs prior to Point B (320 lb). 
X-ray/CT images of the specimen loaded to 247 lb (Point A) indicate transverse matrix cracks had developed on the 
panel bottom surface. The X-ray/CT images of the specimen tested to 320 lb indicated that the sudden load drop at 
Point B corresponds to the development of matrix damage in all plies and delamination at all interfaces, except in the 
interface adjacent to the loaded surface. Images of the specimen tested to 555 lb (Point C) indicate additional matrix 
cracking and delamination growth. No fiber damage was observed. The predicted load versus displacement curve was 
consistent with the experimental observations, and shows the initiation of oscillations in the solution at Point A 
(247 lb). These oscillations were caused by dynamic forces in the explicit analysis due to the initiation and growth of 
matrix and delamination damage.  
 
Fiber‐aligned 
ply meshes Zero‐thickness 
cohesive layers 
0 
90 
Every fourth row of 
C3D8R element includes 
matrix damage 
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Figure 6. Experimental and predicted load versus displacement response for the [02/902]2S cross-ply specimen. 
 
Damage predictions obtained with the FE model at three load levels are provided in Fig. 7.  The interface beneath 
the loaded ply, shown in Fig. 7, is identified as interface 1, and the interface above the bottom ply is identified as 
interface 6. The analysis results indicate that the first major matrix crack develops at the center of the bottom surface 
at a low load level of 112 lb (not shown in Fig. 7). The matrix damage was then able to propagate along the fiber 
direction and through the thickness of the 0 layer, followed by the onset of delamination at the 90/0 interface. With 
increasing load, more matrix cracks and delaminations develop in other 0 and 90 layers and at all interfaces (Point 
A, 247 lb). With further increase in load, additional cracks developed in the plies, and the delaminations bound by 
those cracks grew steadily along the fiber direction (Point B, 320 lb and Point C, 555 lb). In addition, the damage 
predictions of the [02/902]2S cross-ply model indicate that delamination tends to propagate along the fiber direction of 
the layer underneath the interface of interest and interacts with the matrix cracks in adjacent layers.  
 The predicted damage at Point B shown in Fig. 8, was compared with X-ray/CT images obtained from the test. 
Delaminations are shown at the indicated interface, along with matrix cracks in the adjacent plies. The analysis 
predictions show good qualitative agreement with the test results in terms of the projected delamination damage size, 
orientation, and shape. In addition, the predicted matrix crack pattern captures the dominant fiber-oriented matrix 
cracks observed in each ply of the experimental specimen. X-ray/CT images at each interface show symmetric damage 
about the indenter and no delamination damage in the area underneath the indenter at each interface. However, the 
analysis results show unsymmetrical delamination patterns and delamination damage in the area underneath the 
indenter. With increasing load, the predicted damage becomes more symmetric, similar to test observations. 
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Figure 7. Interface and ply damage predictions for the [02/902]2S cross-ply specimen. 
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Middle
90 Ply 
0 Ply 
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Surface 
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Surface 
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Figure 8. Experimental and predicted damage at 320 lbs (Point B in Figure 7) for the [02/902]2S cross-ply 
specimen. 
Impacted 
Surface 
Bottom 
Surface 
Interface 
Interface 2 
[90/0] 
Interface 3 
[0/90] 
Interface 4 
[90/0] 
Interface 5 
[0/90] 
Interface 6 
[90/0] 
0 
0.25 inch  0.25 inch  
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B. [+452/02/−452/902]S Quasi-isotropic Specimen Results 
 
The predicted load versus displacement response for the [+452/02/−452/902]S quasi-isotropic laminate and the 
corresponding experimental results from three tests are shown in Fig. 9. Audible emissions were recorded in the test 
at load levels just below Point A (243 lb), and a slight change in the slope of the load versus displacement curve was 
observed at Point B (342 lb). X-ray/CT images of the specimen loaded to Point A (243 lb) indicate a transverse matrix 
crack had developed at the center of the panel bottom surface, and there was a small delamination between the bottom 
ply and the adjacent ply. The X-ray/CT images of the specimen tested to Point B (342 lb) indicate development of 
matrix damage in all plies and delamination at all interfaces, except in the interface adjacent to the loaded surface. 
Images of the specimen tested to Point C (750 lb) indicate additional matrix cracking, delamination growth, and fiber 
damage in multiple plies. The predicted load versus displacement curve was consistent with the experimental 
observations, and shows that oscillation initiates prior to Point A (243 lb) and lasts until Point B (342 lb). The analysis 
results show that the matrix and delamination damage initiated in all plies and interfaces prior to Point A (243 lb). 
Prior to reaching Point B, all intralaminar and interlaminar damage in model links-up through the laminate thickness. 
The oscillations in the analysis results decrease in magnitude around Point B, after some amount of damage exists in 
all plies and interfaces. 
 
 
Figure 9. Experimental and predicted load versus displacement response for the [+452/02/−452/902]S 
quasi-isotropic specimen. 
 
Damage predictions obtained with the FE model at three load levels are provided in Fig. 10.   The interface beneath 
the loaded ply is identified as interface 1 in Fig. 10, and the interface above the bottom ply is identified as interface 6. 
The analysis results indicate that the first major matrix crack developed at the center of the bottom +45 layer at a low 
load level of 95 lb. The matrix damage was then able to propagate along the fiber direction, through the bottom +45, 
0, −45, and 90 layers thickness with additional small cracks, followed by the onset of delamination at two interfaces. 
Delamination onset occurs under the contacted indenter edge of top +45/0 interface and at the bottom 0/+45 
interface, at a load level of 224 lb (not shown in Fig. 10). Delaminations formed under the indenter edge propagate 
outward from the edge of the indenter, and delaminations formed under the bottom 0/+45 interface propagate along 
the +45 fiber direction. With increasing load, delaminations began to form in other interfaces, interacting and linking-
up with the matrix cracks in adjacent layers (Point A, 243 lb). With further increases in load, link-up between 
delaminations and matrix cracks propagates rapidly throughout the specimen, and additional matrix cracks initiate 
throughout the laminate (Point B, 342 lb and Point C, 750 lb). Since the experiment was not intended for the failure 
of the quasi-isotropic specimen, the analysis was completed without any fiber failure within the FE model.  
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Figure 10. Interface and ply damage predictions for the [+452/02/−452/902]S quasi-isotropic model. 
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The predicted damage at Point B was compared with X-ray/CT images of the test specimen in Fig. 11. 
Delaminations were shown at the indicated interface, along with matrix cracks in the adjacent plies. In general, the 
analysis results tend to overestimate the delamination areas observed in the test specimens. However, the symmetric 
elongated delamination damage patterns along the fiber orientation of the ply below the interface were consistent with 
test observations. The experimental results show little delamination at interface 1, and no delaminations in the area 
underneath the indenter throughout the laminate. However, the numerical results show noticeable delamination similar 
to the predicted damage of the cross-ply model. These predicted delaminations underneath the indenter could be 
caused by inaccuracies in the load distribution between the analytical indenter and the top surface of the model. During 
the test, the indentation on the loaded surface caused a residual indentation, due to matrix plasticity and/or damage. 
Neither in-plane nor transverse plasticity were utilized in the FE models, resulting in the residual indentation not being 
captured. The lack of softening in the models due to transverse plasticity may have caused the contact area between 
the analytical indenter and the top surface of model to be smaller than in the test. The more-concentrated load 
introduction in the model could have contributed to the erroneous prediction of delamination in the area underneath 
the indenter. Overall, the analysis model qualitatively captures the structural response, the damage initiation, and the 
observed experimental damage evolution. 
V. Concluding Remarks 
A study on the performance of a 3-D state-of-the-art CDM model was presented in this paper.  The performance 
study was coupled with the native Abaqus cohesive elements to simulate damage evolution in cross-ply and quasi-
isotropic laminated specimens subjected to quasi-static transverse indentation. An FE model with fiber-aligned meshes 
in the individual plies was employed to facilitate the development of intralaminar matrix cracks parallel to the fiber 
orientation in the ply. The predicted global structural response as indicated by the load-displacement curve and the 
predicted damage evolution were compared with experimental data to assess the CDM material model and the methods 
for performing progressive damage FE analyses. The structural responses of the models agree well with test 
observations. Qualitative comparisons of the simulated damage states with X-ray/CT results indicate that the analytical 
models properly simulated intralaminar and interlaminar matrix damage within a laminated specimen subjected to 
static transverse indentation loading, in terms of the sequence of damage evolution, the pattern of intralaminar damage, 
and the shape of delaminations. Discrepancies between the analysis predictions and the experimental results were also 
noted. Improved correlation between the test and analysis results may be achieved by developing additional features 
for the material damage model. The ability to predict the permanent indentation underneath the indenter requires 
improved transverse plasticity modeling. In addition, accounting for the delayed initiation of delamination when an 
interface was subjected to compressive loads could improve quality of the predictions in the vicinity of the indenter. 
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Figure 11. Experimental and predicted damage at Point B (342 lb) for the [+452/02/−452/902]S quasi-isotropic 
specimen. 
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